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Cultured adult human keratinocytes show accelerated 
growth rates in medium that is essential fatty acid defi-
cient. The cells also show decreased amounts of the 
essential fatty acids 18:2, 20:3, and 20:4 and contain 
increased amounts of the monounsaturated fatty acids 
16:1 and 18:1. These lower levels of polyunsaturated 
fatty acids were only partially restored by supplement-
ing the medium with 18:2 and 20:4 fatty acid. The 
addition of the non-essential fatty acid 16:0 (5 ,uM), 
along with the essential fatty acids, resulted in the suc-
cessful normalization of the major fatty acids in the 
deficient keratinocytes. Normalized cells showed a 
constant total fatty acid/mg of protein in the phospho-
lipid fraction, as the total cell fatty acid content per cell 
G rowth of adult human keratinocytes in serum- and lipid-free, low-calcium conditions yields rapidly proliferating, non-differentiating basal cell cultures. The rapidly growing keratinocyte cultures can be greatly expanded, and the cells can be subcultured 
(passaged) numerous times without the loss of viability [1,2]. The 
cultures grow well to the 6th passage, when senescent cells begin to 
overtake the cultures [3] . The cultures stratify and differentiate 
when calcium and serum are added [1 ,3-5]. Our laboratory re-
ported that the keratinocytes grown in this medium show large 
changes in cellular fatty acid composition: the cells are severely 
deficient in essential fatty acid (EFA) by the first passage [6]. EFA-
deficient keratinocytes have decreased amounts of the diet-derived 
polyunsaturated fatty acids of the n-6 series, the 18:2,20:3, and 20:4 
acids, . and contain increased amounts of monounsaturated fatty 
acids, 16:1(n-7) and 18:1(n-9). 
Unlike most EFA-deficient animal tissues and serum, the EFA-
deficient epidermal keratinocyte does not show increased amounts 
of 20:3 (n-9). Thus, the shift in the ratio of 20:4 (n-6) to 20:3 (n-9) 
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• The essential fatty acids, linoleic acid (18:2), y- linolenic acid (18: 3) and 
arachidonic acid (20:4), are of the n-6 series. The saturated fatty acids are 
palmitic acid (16:0) and stearic acid (18:0). The monounsaturated fatty acids 
are palmitoleic (16:1, n-7) and oleic (18:1, n-9) acids. 
increased with augmenting fatty acid supplementa-
tion. Supplementation of the medium with 16:0 and 
essential fatty acids decreased the growth and passage 
potential of the cells. Use of 18:1 in lieu of 18:2 fatty 
acid yielded essential-fatty-acid - deficient keratino-
cyte growth values. Likewise the least supplemented 
medium (5,uM 18:2 + 5,uM 16:0) also gave the acceler-
ated cell growth rates. This study shows that manipula-
tion of the essential fatty acid levels, if accompanied by 
5,uM 16:0 in the growth medium, alters the growth 
properties of adult human primary keratinocytes. Key 
words: keratinocytes/essential fatty acid/palmitic acid. ] In-
vest DermatoI103:564-568, 1994 
fatty acid traditionally used to characterize the EFA-state [7] is not 
observed in these cells. The absence of 20:3 (n-9) fatty acid level in 
the cell cultures occurs because the epidermis, which normally con-
tains no 20:3 (n-9) fatty acid [6,8], cannot generate this n-9 fatty 
acid via elongation and desaturation of 16:0 and 18:1 (n-9) fatty 
acids under EFA-deficient culturing conditions, as recently reported 
by us in a series of radio labeled substrate studies [9]' However, these 
cu ltures are properly called "EFA-deficient" because the total 
amount of (n-6) acids is considered a good reflection of EFA-defi-
ciency [7]. 
The EFA-deficient state of the keratinocytes is reflected in the 
membrane phospholipid class of lipids [6,10,11]. Numerous inves-
tigators have hypothesized that alterations in membrane phospho-
lipid fatty acid ratios are associated with hyperproliferation and cell 
signaling misregulation [12,13] and attempts to exploit membrane 
lipid modifications as therapy have been tried in hyperproliferative 
skin diseases [14 -16]. One essential fatty acid, arachidonic acid, not 
only contributes to the structure of membrane phospholipids, but 
also is the precursor of the eicosanoids, which include the prosta-
glandins, hydroxy eicosatetraenoic acids (HETEs), hydroperoxy ei-
cosatetraenoic acids (HPETEs), thromboxanes, leukotrienes [17] , 
and lipoxins [18]. 
To study EFA metabolism, eicosanoid biochemistry, and fatty 
acid effects on second-messenger systems, it is important to be able 
to normalize the fatty acid composition of the keratinocyte cultures. 
Additionally, it can be hypothesized that the rapid growth and 
undifferentiated state of the EFA-deficient keratinocytes is partially 
the result of a lack ofEFAs in the growth medium. In this study, we 
report that EFA keratinocyte fatty acid profiles can be normalized to 
the levels found in frozen human-epidermal biopsies. The fatty-
acid-restored cultures present a slowed growth rate, a decrease in 
successful passage, and a more visually differentiated (flat and corni-
fied) cellular appearance. 
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Figure 1. Effect of medium supplementation with only essential 
fatty acids. Effect on keratinocyte phospholipid (TLC frac tion) fa tty acid 
composition in one experimental series. At the first passage, the cells were 
grown in five media: one was the complete EFA-deficient medium and four 
were supplemented with vatying concentrations of 18:2 and 20:4 fatty acid. 
After 2 weeks growth in the media (P3-P4) the cells were processed and 
analyzed as described in Materials atld Methods. No effect was seen on the 
saturated fatty acids (a) ; and partial restoration of monounsaturated (b) and 
polyunsaturated (c) fatty acids was seen. The biopsy/pellet values are mean 
±SEM, n = 10. 
MATERIALS AND METHODS 
Keratinocyte Culture The basic medium MCDB 153 is prepared as 
described by Boyce and Ham [1 ,19] and is supplemented with 0.6 /lM (0.218 
/lgjml) hydrocortisone,S ng/ml epidermal growth factor, 5/lg/ml insulin , 
6 mg% bovine pituitary extract [1] , and 0 .15 mM CaCl2 to form complete 
growth medium. Discarded human skin from mastectomy and abdomino-
plasty cosmetic surgery is processed as described by us [6]. The cultures are 
fed every 48 h with serum-free MCDB 153 and reach approximately 70% 
confluence after 5 - 7 d. The mono layers are passaged every third to fifth day, 
yiel ding an expanding cel l strain from each surgical specimen. The complete 
growth medium is fatty acid free because no fatty acids arc in the basic 
medium formulation and because the bovine pituitary extract contains less 
than 1-2 /lg fatty acid/sample (less than nM levels) [6]. 
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Figure 2. Effect of medium supplementation with essential fatty 
acids plus 5/lM 16:0 on keratinocyte phospholipid (TLC fraction) 
composition. At the first passage, the cells were grown in five media: one 
was the complete EFA-deficient medium and four were supplemented with 
va.rying concentrations of 18:2 aJld 20:4 fatty acid and 5/lM of the non-es-
sential fatty acid 16:0. After 2 weeks growth in the media (P3-P4) the cells 
were processed and analyzed as described in Materials mId Methods. The levels 
of 18:0 £1tty acid reached the biopsy va lues when 10 - 15 JiM 18:2 fatty acid 
is added to the growth medium (a) . All the 10-15 JiM 18:2 fatty acid 
supplementations changed the levels of16:0, 18:1, and 18:2 fatty acids in the 
phospholipids of the ce lls (b,c). The va1ues are mean ± SEM. Statistical 
information is presented in Table I. 
Fatty Acid Supplementation The cultures are fed with fatty-acid-
SlIpplemented medium at the Po to PI passage. T he media are 1 X = 5 JiM 
18:2 (n-6) and 5 J1M 16:0; 2 X = 10 JiM 18:2 (n-6) and 5)lM 16:0; 2 X/ 
1 X = 10/lM t 8:2 (n-6), and 5 JLM 16:0 and 20:4 (n-6); 3 X = 15 JIM 18:2 
(n-6), and 5 jlM 16:0. The stock fatty ac ids are stored in chloroform. A 30X 
final concentration of the fatty acids is pipened into sterile polypropylene 
tubes (Sarstedt, Newton, NC), and evaporated under an N 2 stream (sterilized 
lISing a Millex-SLGS, Millipore filter) . Ten microliters of 95% ethanol is 
added to the tube to solubil ize the fatty acid, plus 1/30th final volume 
of sterile 0.6% bovine serum albumin (BSA) in medium. After vigorous 
vortexing, the fatty acids plus carrier arc added to the medium. T he 
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Table I. Statistical Analysis Com.paring Phospholipid Fatty Acid Content of Cultured Cells to Those from. Biopsies 
2 X Cells 2 X /1 X Cells 3 X Cells 
1 X Cells (10J.lM 18:2 (10J.lM 18:2 (15J.lM 18:2 
Control Cells (5 J.lM 18:2 and 5 J.lM and 5 J.lM 16:0 and 5 J.lM 
Fatty Acid (MCDB 153) and 16:0) 16:0) and 20:4) 16:0) 
16:0 
18:0 
16:1 
18:1 
18:2 
20:3 
20:4 
n 
NS' 
P = 0.010 
P < 0.001 
P < 0.001 
P < 0.001 
P = 0.008 
P = 0.002 
10 
NS 
NS 
P < 0.001 
P = 0.01 
P < 0.001 
P = 0.02 
NS 
5 
NS NS NS 
NS NS NS 
P < 0.001 P < 0.001 P = 0.02 
NS NS NS 
NS NS NS 
P = 0.02 P = 0.01 NS 
NS NS NS 
5 4 5 
• NS, lack of significance (p > 0.05). 20:3 (n - 6) fatty acid composition levels, mole percent (mean ± SEM); pellet, 1.9 ± 0.25; control, 0.94 ± 0.2; 1 X, 5.6 ± 0.9; 2 X, 
9.1 ± 1.6; 2 X/ I X, 5.8 ± 0.8; 3 X, 7.7 ± 2.0. 
final amount ofBSA is 0.02%. The medium is made fresh at each change of 
medium. 
Cell Proliferation Studies To study prolifcration, the cultures are 
lightly trypsinized and counted using a hemacytometer and trypan blue 
exclusion to determine cell viability. Burton DNA and Lowry protein assays 
are done as previously described [20]. Control EFA-deficient cells, cultures 
grown in medium plus 0.02% BSA, and those grown in fatty-acid-
supplemented media are grown over 6 passages. The total cell population 
generated over the time period is determined. As the culture ages, the total 
cell population decreases. The data are analyzed using the Student rwo-tailed 
t test. 
Lipid Analysis Rinsed T -75 flasks containing 1- 2 ml of methanol are 
scraped and the material pooled by timc point. These are extracted with a 
1 :2:1 .5 ratio of methanol:chloroform:O.l M KCI in 50% methanol, and the 
organic phase is separated into rwo aliquots and processed as previously 
reported [6] . One aliquot contains the polar phospholipids, neutral lipids, 
and complex polar lipids, such as sphinogosine-based lipids, cholesterol, and 
cholesterol esters [21]. The second aliquot is evaporated under a nitrogen 
stream, re-suspended in 50 J.lI of 1:1 chloroform:methanol, applied to a 
thin-layer chromatography (TLC) silica gel 60 plate (Merck, Darmstadt, 
Germany), and chromatographed in one direction using CHCI3: 
MeOH:acetic acid (90:8:1). Neutral lipids, including cholesterol and its 
esters, and free fatty acids are separated from the phospholipids and other 
amphipatic lipids [22] (i.e., sphingolipids that are less than 10% of all lipids 
in cultured human keratinocytes [7]). All the phospholipids, which remain at 
the origin, are scraped and the lipids eluded from the silica during trans-
methylation. Both aliquots are transmethylated with 6% methanolic-
HCI + 50 J.lg 17:0 as an internal, quantitative standard. The fatty acid 
methyl esters (FAMEs) from the whole-cell and TLC-separated aliquots are 
extracted into petroleum ether (Baker, Phillipsburg, NJ), evaporated to 
dryness and stored frozen under benzene. For analysis, the samples are sus-
pended in 200 J.lI of benzene, filtered using a 0.45-J.lm filter, are evaporated 
and re-suspended in 100 - 150 J.lI filtered chloroform. One microliter of 
chloroform is injected into the gas chromatograph for analysis. 
Biopsy /Pellet Values A detailed description of the frozen biopsy / 
trypsin-derived epidermal pellet material has been published previously [6]. 
The biopsies were snap-frozen O.l-mm-thick keratomed epidermal sheets 
containing trace amounts of dermal and blood elements [6,8] . The biopsy 
material included the stratum corneum as well as the basal cell layer. The 
pellet material was then trypsinized, filtered, and the centrifuged cell sus-
pension used to establish the cell cultures. The dermal component as well as 
most of the spinous layer, and all of the granular and corneal layers, were 
completely separated from the basal cells with trypsinization and are there-
fore absent from the pellet sample. The fatty acid content (mole %) of the 
stratified, differentiated biopsy and the isolated, basal cell pellet were equal 
[6], but obviously much different from those in the EFA-deficient cell cul-
tures. Thus the change in the fatty acid content of the keratinocytes occurred 
after they were plated, demonstrating that the EFA-deficient state seen in 
culture did not result from the undifferentiated, basal state of the primary 
cultures, but resulted from cell growth in this medium or from selection of a 
small EFA-deficient epidermal cell population by the serum-free medium. 
The frozen samples are ground under liquid nitrogen, extracted, and ana-
lyzed as described for the cell cultures (n = 10). 
Analysis of FAMEs The samples arc analyzed using a Hewlett Packard 
GC Model 5710A equipped with a J and W Scientific (Folsom, CAl fused 
silica Megabore DB225, 0.53-l1m-diametercolumn as previously described 
[6]. A 21-fatty-acid standard (N u-CHEK-PREP, Inc, Elysian, MN) is used to 
calibrate the gas chromatography (GC) elution times and to identify the fatty 
acids. The added 17:0 fatty acid is used to quantitate the amount of fatty acid 
in the samples because this peak (normally absent in keratinocytes) is easily 
identifiable in the elution profile. The flame ionization detector output of 
the gas chromatograph is digitized by an IBM-PC computer interface 
(Model AN-146, Alpha Products, Darien, CT). Both the recording and data 
evaluation sofrware are written by us inBASIC or FORTRAN. The data are 
presented as mole percent or as tlg fatty acid/mg of protein. In all cases, the 
uncertainties in the data are presented as means ± SEM. 
RESULTS 
Supplem.entation with Essential Fatty Acids Our first at-
tempts at normalization followed the obvious line of supplement-
ing the medium with EFAs in various combinations. Linoleic acid 
(18:2) at concentrations ranging from 5 to 15.uM and 10.uM 18:2 
plus 5 .uM 20:4-supplemented media were tested. Visual examina-
tion of the cells showed no obvious changes in the normal, rounded 
morphology. Addition of fatty acids in excess of 40.uM were cyto-
toxic. Figure 1 presents the results of the fatty acid analysis of the 
TLC-separated phospholipid fraction in one experimental series. 
The solid bars represent the ill vivo state. As shown in Fig la, 
supplementation with the essential fatty acids alone resulted in no 
change in the saturated fatty acids 16:0 and 18:0 . Minimal normali-
zation of 16:1 (Fig lb) and of 18:2 and 20:4 (Fig lc) fatty acid was 
seen and only a partial norma lization of 18:1 fatty acid occurred 
(Fig lb). 
Supplem.entation with Essential Fatty Acids Plus 16:0 Fatty 
Acid In contrast to the above resu lts, the addition of the non-es-
sential fatty acid 16:0 to the media with the EFAs resulted in the 
successful normalization of the major fatty acids in these cell cul-
tures. In Fig 2 are shown the results of GC analysis of the fatty acids 
present in the phospholipid fraction of the keratinocytes (statistical 
significance in Table I). As in Fig 1, the biopsy value (n = 10) is 
presented as solid bars. Control cultures were EFA-deficient kerati-
nocytes. The addition of 16:0 fatty acid to the medium did not alter 
the levels of 16:0 fatty acid, whereas the levels of 18:0 fatty acid 
reached the biopsy values when 5-15 .uM 18:2 was added to the 
growth medium (Fig 2a). As shown in Fig 2, all the supplementa-
tions changed the levels of 18:0,16:1,18:1, and 18:2 fatty acids in 
the phospholipids of the cells. The arachidonic acid level was also 
greater than the EFA-deficient cell value in keratinocytes grown in 
all supplemented media. Table I shows that all the 10-15.uM 18:2 
media supplementations normalized the levels of 18:0,18:1,18:2, 
and 20:4 fatty acids to their biopsy values. Conversely, the phos-
pholipid amount of 20:3 (n-6) fatty acid was changed from the 
EFA-deficient cell level to the biopsy/pellet value in only one sup-
plemented medium (Table I). The cells required growth for at least 
1 week in the fatty-acid-supplemented medium for these changes 
to occur (data not presented). 
As shown in Table II, cells grown in the fatty-acid-sup-
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Table II. Effect of Medium Fatty Acid Content on Cellular Fatty Acid Levels (Total J,lg Fatty Acid/mg Protein) 
Phospholipid Percent In 
Medium All Lipids 
Control (n = 8) 158 ± 21 
(MCDB 153) 
1 X (n = 5) 141 ± 13 
(5 tiM 18:2 and 16:0) 
2 X (n = 5) 206 ± 12 
(10 tiM 18:2 and 
5 tiM 16:0) 
2 X/I X (n = 4) 228 ± 36 
(10 tiM 18:2 and 
5 tiM 16:0 and 20:4) 
3 X (n = 5) 208 ± 25 
(15 tiM 18:2 and 
5 tiM 16:0) 
• Comparing the difference between the phospholipid fraction and all lipids. 
plemented medium had a constant amount of total fatty acid/mg 
of protein in the phospholipid fraction, whereas the total cell fatty 
acid content per cell increased with increasing fatty acid supple-
mentation. This increase occurred in the neutral lipid class as shown 
by thin-layer chromatography. The entire cellular content of 18:2 
fatty acid increased to - 75 J,lg/m g of protein with supplementa-
tion, whereas the amount of 18:2 fatty acid in the phospholipid 
fraction of the cells maximized (n = 5) at - 25 J,lg/mg protein 
(Fig 3). 
CELL GROWTH 
Figure 4 presents data showing that supplementation of the me-
dium with 16:0 and EFAs decreased the growth and passage poten-
tia l of the cells (n = 5). The 5-J,lM-18:2- and 5-J,lM-16:0 (1 X)-
supplemented keratinocytes grew with the same high proliferation 
rate as the EFA-deficient control cells. Likewise, substitution of 
18: 1 fatty acid in place of 18:2 fatty acid and in the growth medium 
gave cell-growth curves with high proliferation rates (data not 
shown) similar to the EFA-deficient cells. In general, supplementa-
tion of the medium yielded cultures with progressively slowing 
growth rates and passage ability. The effect was seen after 1 week of 
cell growth, when the fatty acid profiles were as presented in Fig 2. 
The cells in the supplemented medium also showed a flatter, granu-
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Figure 3. Content of 18:2 fatty acid in the whole-cell and in the 
phospholipid (TLC) fraction ofkeratinocytes grown in fatty-acid-
supplemented medium. At the first passage, the cells wcre grown in five 
media: onc was the complete EFA-deficient medium and four were supple-
mented with varying concentrations of 18:2 and 20:4 fatty acid and 5 tiM of 
the non-essential fatty acid 16:0. After 2 weeks growth in the media the cells 
were processed and analyzed as described in Materials and Methods. The 
amount of 18:2 fatty acid in the whole ccll increased with supplementation, 
whereas the level of 18:2 fatty acid in the phospholipid fraction of the cells 
maximized above 5 tiM of 18:2 fatty acid medium concentration (mean ± 
SEM , n = 5). 
Fraction Phospholipids Significance' 
152 ± 21 96% P = 0.83 
106 ± 4 75% P = 0.056 
124 ± 9 60% P < 0.001 
127 ± 18 56% P = 0.06 
96± 13 46% P = 0.007 
lar cell morphology when confluent EFA-deficient cells senesce in 
culture after multiple passages (data not presented). 
DISC USSION 
Many studies have associated minor lipid abnormalities with epi-
dermal cell cultures (for review, see Ponec [23]). Slight decreases in 
18:2 have been reported in neonatal mouse primary cultures 
[19,24]. In cultured human keratinocytes grown in serum-contain-
ing medium, lower amounts of 18:2 fatty acid have been reported, 
and changes in other fatty acids associated with the differentiation 
state of the cells were observed [25]. C hanges in steroid metabolism 
have also been reported in cultured keratinocytes [18,26,27] . 
Until the present study , manipulation of membrane fatty acids in 
cells grown in vitro was attempted with Inixed success [10]. This is 
probably because most techniques for g rowing primary cells and cell 
strains use 10%-20% serum, which already contains both non-es-
sential and e~sential fatty acids [28 - 30]' and the fatty-acid profile of 
cells grown 111 culture reflects that of the growth-mcdium serum. 
.The EFA-dcficient keratinocyte, with no dietary source of fatty 
aCIds, has ac~ess only to those fa tty acids that can be synthesized by 
the cells. TillS represents a vast metabolic difference from the ill vivo 
state, where the cells have ready access to the required essential and 
often most of the non-essential fatty acids from th e blood supply 
[31]. Addition of the essential fatty acids alone to the medium failed 
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Figure 4. Supplementation of the medium with 16:0 and essential 
fatty acids decreased the growth and passage potential of the cells. At 
the first passage, the cells were grown in five media: one was the complete 
EFA-deficient medium and four were supplemented with varying concen-
trations of 18:2 and 20:4 fatty acid and 5 tiM of the non-esscntial fatty acid 
16:0. At each passage, the cells were lightly trypSillizcd and counted. The 
total cell population generated over the time period was determined. As the 
cultures aged, the total cell population decreased. Values are mean ± SEM 
(n = 5). 
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to normalize the fatty-ac id profile of the EFA-deficient cells to the 
biopsy values. Thus the addition of 18:2 fatty acid as a supplement to 
serum-free medium resulted in cells with the same abnormal mono-
unsaturated and essential fatty acid content as with the EFA-defi-
cient strains. 
T he results also show that the addition of 16:0 fatty acid to the 
supplemented medium allowed normalization of the cellular fatty 
acid composition, without an increase in the 16:0 fatty acid content 
of the cells. The levels of the polyunsaturated fatty acids were re-
stored to biopsy values and the amounts of 18:1 and 16:1 fatty acids 
were also observed to decrease to normal values. Regardless of 
whether 16:0 fatty acid has some undiscovered effect on the kerati-
nocyte biochemistry or is required to meet some physical require-
ment in the plasma membrane, such as viscosity, the important 
point is that 16:0 fatty acid is necessary to restore "a biopsy fatty acid 
profile" when the media are supplemented with EFAs. 
The addition of 16:0 fatty acid to the supplemented media af-
fected the cell growth. If the cell s from all the medium composi-
tions were passaged at the same interval (5 d), then the EFA-defi-
cient keratinocyte- and medium-supplemented cell populations 
differed significantly in size at the passage 5 time point. If the cell 
populations could be corrected for natural differences in prolif-
eration rate due to patient-to-patient differences, the significant 
changes in the cell population number could probably be seen by the 
thi rd passage. EFA-deficient cell strains normally lose growth po-
tential and show increased differentiation over passage number [32]' 
Essential fatty acid supplementation (with added 16:0) accelerated 
this aging process. 
In summary, we report here a method for the normalization of 
EFA-deficient keratinocytes. The normalization of the cells was 
accomplished by adding both EFAs and the saturated fatty acid 16:0 
to the medium. Fatty acid restoration was accompanied by an accel-
erated senescence of the cultures, although the cells grew reasonably 
wel l for two passages in the supplemented medium. 
O ur studies indicate that addition of only the essential fatty acids, 
without 16:0, to keratinocytes grown in serum-free medium 
(MCDB 153), will not normalize the fatty acid composition or the 
growth of these cells. This conclusion is especially pertinent to 
investigators utilizing the serum-free system to study eicosanoid-
related events because these cell strains are deficient in the precur-
sors for these lipids. Moreover, the cultures can remain EFA defi-
cient after any fatty acid "enrichment" process that does not also 
include the addition of 16:0 fatty acid. Obviously, this property of 
the keratinocytes is a pitfall for those investigators who study 
eicosa;lOids using cultures grown on serum-free media because the 
initial compound in the eicosanoid cascade, arachidonic acid, is ab-
normally low in these cell strains. 
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